Mechanisms of Regulation
Mechanisms of Gating Ion channel families are broadly classified into three types according to their major mechanisms of activation. Type I comprises primarily ligand-gated channels. These channels are distinguished by the requirement for conserved structural domains that act as recognition sites for specific ligand molecules and whose binding energy is used to gate the channel pore. Exemplar members include pentameric (cys loop) and ionotropic glutamate neurotransmitter receptors (Plested, 2016); nucleotide-gated channels such as Kir, including K ATP and GIRK family members P2X and CNG (Craven and Zagotta, 2006) ; and protein-gated channels such as ORAI+STIM. Type II includes proton-gated channels whose activity responds to changes in the protonation state of titratable groups either localized in discrete functional domains or distributed throughout the protein.
Unlike channels belonging to type I, the residues comprising these sites do not require a specific stereochemistry to match a particular ligand. Examples include ASICs (Boscardin et al., 2016) and K 2P family members such as TRASK and TALK, as well as prokaryotic channels GLIC and KcsA (Cuello et al., 2010) . Type III includes channels gated by physical stimuli such as voltage, temperature, or mechanical stress. Sensors of physical stimuli are not constrained by stereochemistry and may or may not consist of conserved structural domains. This lack of conservation may reflect, at a fundamental level, the diversity of molecular mechanisms in sensing physical stimulus that may have evolved independently in different branches of the phylogenetic tree. Voltage-gated channels include those that have a canonical voltage sensing domain (VSD) such as K v , Na v , Ca v , HCN, BK, TRP, and H v (Palovcak et al., 2014) , as well as channels that lack a VSD such as CLC and K 2P (e.g., TREK and TRAAK; Schewe et al., 2016) , suggesting that voltage sensitivity can be conferred by multiple mechanisms. Both temperature-and mechano-gated channels are structurally diverse, including members from TRP subfamilies TRPV, TRPM, TRPC, and TRPA; K 2P family members TREK and TRAAK; H v ; and the calcium-activated chloride channels (CaCCs) such as Anoctamin (TMEM16) (Palkar et al., 2015) . Moreover, mechano-sensitive channels that respond to membrane tension/curvature, osmotic shock, or shear stress from fluid flow exist such as Piezo (Coste et al., 2010) , MscS, and MscL, volume-regulated anion channels (VRAC), and members of the ENaC/Degenerin family of epithelial sodium channels.
Activating stimuli for channel families are indicated in a wheel diagram (center) surrounded by example structures of channels from each type (transmembrane domains are colored cyan, and extracellular and intracellular domains are colored magenta, with intracellular domains oriented toward the center). Low-resolution flexible regions are omitted from the structures. For H v 1, a single subunit constituting the minimal functional unit of a dimeric channel is shown. Note that, in some cases, a subset of channels within a family may not respond to a particular stimulus. The list of channels and exemplar structures is not comprehensive but includes key examples of eukaryotic as well as some widely studied prokaryotic channels that span the three types of gating mechanisms. It is important to note that all channels respond to physical stimuli such as temperature, mechanical stress, or voltage to some degree and that the gating behavior of many channels is modulated by pH or binding of small molecules. Here, we sought to limit our classification to those central stimuli that mediate channel activation rather than modulation. Nonetheless, we acknowledge that this distinction is not always clear, and whether a stimulus is modulatory or activating may depend on its actions within a physiological context. Finally, we expect that this classification will evolve as we continue to explore the physical mechanisms that govern ion channel activity. PDB codes for the displayed structures are 3KG2 (AMPAR), 2QTS (ASIC1), 5GJV (Ca v 1.1), 5TQQ (CLC-K), 5H3O (CNG TAX-4), 4COF (GABA A R), 4HFI (GLIC), 5U6P (HCN1), 3WKV (H v 1), 3PJS (KcsA), 3SPI (Kir2.2), 2A79 (K v 1.2), 3HZQ (MscL), 5KXI (nAChR), 5X0M (Na v Pas), 4TLL (NMDAR), 3JAC (Piezo1), 5SVK (P2X3), 4WIS (TMEM16), 3UM7 (TRAAK), and 3J5P (TRPV1).
Regulation of channel function and expression can occur at various steps from transcription and translation of the genetic code to trafficking and modulation of channel complexes in the plasma membrane. For example, regulated mRNA splicing can result in alternative variants whose RNA messages may code for channels with differing functions (Meredith, 2015) . Editing of RNA prior to being translated can similarly result in recoding of proteins with distinct functions. Following translation from mRNA to protein, channel subunits fold and co-assemble to form channel complexes that are trafficked to the plasma membrane (Deutsch, 2003) . During these processes, channel proteins may undergo a variety of co-and post-translational modifications that can affect channel function. Some prevalent modifications include phosphorylation, glycosylation, ubiquitinylation, acetylation, and methylation of individual residues. For example, reversible phosphorylation of specific side chains by protein kinase and phosphatase enzymes is an important regulatory mechanism for many ion channels. Furthermore, scaffolding proteins (e.g., PSD-95 and AKAPs) cluster channels in the vicinity of cell signaling proteins important for channel regulation, such as protein kinases.
Many channel families contain a variety of distinct subunit subtypes, some of which can assemble in multiple heterogeneous combinations with differing functional properties. Functional channels can also be part of a larger signaling complex that includes associated proteins that do not directly contribute to formation of the channel pore but instead alter the channel's gating behavior or localization. For example, ATP-gated potassium channels consist of channel-forming Kir6 subunits and associated SUR subunits, whereas association of KCNQ1 and KCNE1 subunits underlies an important potassium current in the heart. Furthermore, many channels also bind small molecules or proteins that act as allosteric modulators of channel gating. The calcium-binding protein calmodulin, G-proteins, and nucleotides are a few prevalent endogenous examples. Channel function can also be influenced by the lipid environment of the plasma membrane in which it resides. For example, phosphoinositides such as PIP 2 are important regulators for a variety of channels (Hilgemann et al., 2001) . Finally, many channels are also regulated by exogenous toxins, and drugs have made them important targets for disease therapies. The ability of channels to be regulated at multiple levels from transcription to modulation in their lipid environment provides numerous pathways for finetuning cellular physiology.
